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Abstract

Loading noise is predicted from unsteady surface
pressure measurements on a NACA 0015 airfoil
immersed in grid-generated turbulence. The time-
dependent pressure is obtained from an array of
synchronized transducers on the airfoil surface. Far
field noise is predicted by using the time-dependent
surface pressure as input to Formulation 1A of Farassat,
a solution of the Ffowcs Williams — Hawkings equation.
Acoustic predictions are performed with and without
the effects of airfoil surface curvature. Scaling rules are
developed to compare the present far field predictions
with acoustic measurements that are available in the
literature.

Nomenclature

= airfoil semi-span (m)

= airfoil chord (m)

= ambient sound speed (m/s)

= frequency (Hz)

= velocity-to-pressure transfer function

= /U, convective wave number (rad/m)
streamwise integral length scale

= Mach number

= unsteady surface pressure jump (Pa)

= unsteady surface pressure (Pa)

E\@%ib*%\éﬁ o o
Il

= sound pressure radiated to observer (Pa)

= X-—y,radiation vector (m)

v
t = observer time (s)
U = freestream speed (m/s)
u = streamwise turbulence component (m/s)
u_z = streamwise mean-square turbulence (m?/s’)
X = [x.x,,x,]", observer position (m)
Y = [y.¥,.v]", source position (m)
®,, = turbulence upwash PSD (m" rad’-s%)
¢, = random phase variable (rad)
A = ¢,/ f,acoustic wavelength (m)
¢ = radiation angle from surface in Fig. 2 (m)
P, = ambient density (kg/m®)
T = sourcetime (5)
w = circular frequency (rad/s)
w = directivity angle in Fig. 13 (rad)
( i = evaluated at retarded time 1—7/¢,

1. Introduction

The current work is focused on the correlation of
unsteady surface pressure measurements to far field
noise. The acoustic analogy [1] provides a framework
for this correlation in the time domain. Noise due to
unsteady surface loading is mathematically described by
the loading source term, or “dipole term,” of the Ffowcs
Williams — Hawkings (FW-H) equation [2]. Because
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the noise due to airflow over a rigid surface is typically
dominated by dipole radiation, the acoustic
formulations presented in this work are determined by
solutions of the FW-H equation with the loading source
term, i.e., the thickness and quadrupole terms are
neglected.

The solution of the FW-H equation can be written
in many forms. Acoustic predictions in the present work
are performed with the loading noise version of
Formulation 1A, of Farassat [3]. In its complete form,
Formulation 1A is in current use throughout industry for
the design of helicopter rotor blades. The version of
Formulation 1A presented herein accounts for loading
noise of an airfoil in motion and the effects of surface
curvature.

In [4], far field predictions similar to those of the
current study were reported and shown to compare
favorably with experimental measurements of Paterson
and Amiet [5]. Formulation 1B [4] was applied to the
prediction of far field noise due to incident turbulence
on a NACA 0012 airfoil at tunnel speeds ranging from
40 m/s to 165 m/s. Formulation 1B is a recently
developed solution of the FW-H equation that was
shown in [4] to be equivalent to Formulation 1A. As
input to Formulation 1B, the time-dependent airfoil
surface pressure was generated by stochastic modeling
of the incident turbulence and the airfoil response was
approximated with a result from thin airfoil theory [6].
Formulation 1B was then used to predict the far field
acoustic pressure as a function in time at a microphone
located 2.25 m directly above the geometric center of
the upper airfoil surface. The time-dependent acoustic
signal was then Fourier analyzed to determine the
spectral density of the far field noise.

In Fig. 1, the predicted far field spectra for all five
tunnel speeds are shown to be in good agreement with
the experimental measurements of Paterson and Amiet
[5], particularly in the range of 200 Hz to 1500 Hz,
where the spectra are peaked. Note, however, that the
prediction is most in error, by approximately 5 dB, at
the lowest tunnel speed. This error is consistent with
the low speed prediction in [5]. This error results from
the fact that, as the tunnel speed decreases, the
wavelength of the aerodynamic disturbance decreases
and eventually become of the order of the airfoil
thickness. In this case, the airfoil-turbulence interaction
is influenced by the airfoil geometry, in particular by
the shape of the leading edge. Therefore, as the free-
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stream speed decreases, the modeling of the surface
pressure with the use of a thin-airfoil transfer function
becomes increasingly invalid.

One of the goals of the current study is to
determine the extent of the error made when thin-airfoil
assumptions are incorporated into low-speed incident
turbulence noise predictions. In [4], both the input
surface pressure and the acoustic formulation were
based on the approximation of the airfoil geometry as a
flat plate. In the current study, the effects of surface
curvature are considered in regard to both input and the
acoustic formulation.

The particular version of Formulation 1A to be
used in this work is described in the following section.
The simplified version used herein easily allows the
formulation to be used with or without the effects of
airfoil surface curvature. Section 3 describes the low-
speed wind tunnel experiment of interest and the surface
pressure measurements that are used to correlate
unsteady loading on a NACA 0015 model to the far
field. In Section 4, the flat-plate acoustic formulation is
used to predict far field noise using time-dependent
pressure on the airfoil surface. This surface pressure is
first modeled with thin-airfoil theory and the results are
compared with predictions that result from
experimentally measured surface pressure. In Section
5, scaling rules are developed that are used to compare
the present predictions with acoustic data from [5]. The
inclusion of the effects of surface curvature in the
acoustic formulation is discussed in Section 6, followed
by some concluding remarks.

2. Acoustic Formulation

Formulation 1A [3] was developed as a method to
incorporate acoustic prediction in the design of
helicopter rotor blades. Because the tip speeds of rotor
blades can approach the speed of sound, Formulation
1A accounts for noise from both loading and thickness
sources. However, for the low Mach number flows of
interest in the present work, thickness noise can be
neglected. A further simplification results from uniform
rectilinear flow. The following introduction is required
for the presentation of Formulation 1A as it applies to
the current problem of interest.

Consider a surface moving along a velocity vector
V. Let f(x;,x,,x;,1) denote a geometric function
that is so defined that f =0 on the surface and f >0
exterior to the surface. The velocity vector and the
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surface geometry are related to the coordinate axes as
pictured in Fig. 2.

Denote by X¥=[x,x,,x] the position of an
observer, and by ¥=[y,,v,,y,]" the position of a
source point on the surface (Fig. 2). The unsteady
pressure p(y,7) on the surface gives rise to sound that
radiates along 7 =X— 3 to the observer. Note that the
surface pressure is evaluated at source time 7 The
sound is described by p’(X,1) , the perturbation pressure
that arrives at the point (x;,x,,x,) at time . For the
case of uniform rectilinear motion, Formulation 1A can
be expressed in the form

4z p 0= — STTAE (1)

1 {Bp/ar cos@} dS +
/=0 ret

[ R iy g T A T e
ol FPA=-M)F ol =My

The subscript “ret” denotes evaluation at retarded time
t—r/c,,and @is the angle subtended by the radiation
vector and the surface normal n (Fig. 2.). The term
M, =M -7 is the Mach number in the radiation
direction, where M = 17/(:0 is the local Mach number
vector of the surface. Also, M, =M -n is the Mach
number in the direction of 7 . Note that, in the case of a
flat-plate geometry in the plane x, =0, the surface
normal 7 becomes é,, the vertical coordinate vector,
and M, vanishes.

3. Experimental Surface Pressure

3.1. Experiment Description & Instrumentation

Measurements of unsteady surface pressure were
performed with an instrumented NACA 0015 airfoil.
The model completely spans the 1.83 m test section of
the Virginia Tech Stability Wind Tunnel and has a
0.6096 m chord. This facility test section is 7.32 m
long with a 1.83 m-square cross section. At 30 m/s, flow
through the empty test section is virtually uniform and
of low turbulence intensity (<0.05%). Background
noise levels are acceptable for the aerodynamic
measurements of interest [7, 8].

Measurements for the present study were made at a
tunnel speed of 30 m/s (Re = 1.17 x 10°) with the model
at zero angle of attack (Results at non-zero angles of
attack are reported in [9, 10, 11]). A square bi-planar
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grid is mounted 5.82 m upstream of the airfoil leading
edge in the wind tunnel contraction. At the grid
location the cross-sectional area is 32% larger than that
of the test section. The grid has a mesh size of 30.5 cm,
an open area ratio of 69.4%, and generates turbulence
with a streamwise integral length scale £ = 8.18 cm
(13% chord) at 30 m/s. The resulting streamwise
turbulence intensity at 30 m/s is 3.93%.

The airfoil is instrumented with an array of 96
Sennheiser KE 4-211-2 microphones, embedded in the
upper and lower airfoil surfaces over the center 58.5 cm
of its span. Fig. 3 shows the array layout on the upper
surface of the foil. The layout on the lower surface is a
mirror image. Microphones are located in chordwise
rows between 1% and 85% of the chord length from the
leading edge, and at spanwise separations of between
1% and 96% chord. The spanwise distribution of
microphones is designed to take advantage of the
homogeneity of the flow in this direction so that the 8
spanwise  stations together define some 25
approximately  logarithmically  spaced  spanwise
separations. The Sennheiser microphones are calibrated
from 4 Hz to 20 kHz with an uncertainty of +1.5 dB.

The effects of the ambient acoustic field were
assessed with pressure measurements made with no grid
present. These measurements fall several decades in
spectral level below measurements with the grid
installed. Therefore, pressure data that is taken with the
grid installed is considered to be uncontaminated by
ambient acoustic field pressure fluctuations. Further
details on instrumentation and apparatus can be found
in[9, 10, 11].

3.2. Instantaneous Pressure Fluctuations

The dominant types of pressure fluctuations arising
from the turbulence-airfoil interaction can be clearly
revealed through contour plots of the instantaneous
pressure. By considering a contour plot of time series
in space and time, the propagation speed of various
types of pressure fluctuations occurring on the surface
of the airfoil are shown. If the spatial axis is normalized
on chord length C and the time is normalized as tU/C, a
fluctuation which is convecting with the mean free
stream velocity will have a 1 to 1 slope on such a
contour plot.  Similarly, a fluctuation propagating
downstream at sound speed will have a slope of
(U +¢,)/U, approximately 12 to 1, and a fluctuation
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propagating upstream at sound speed will have a slope
of (U—c¢,)/U , approximately 10 to 1.

Fig. 4 presents such a sample contour plot of the
instantaneous surface pressure field on both the pressure
and suction sides of the airfoil (positive x-axis indicates
pressure side of airfoil). The time series have been
adjusted to account for the dynamic response of each
microphone and are high pass filtered at 10 Hz to
remove low frequency uncertainties that arise from the
microphone calibration. Low pass filtering is
performed by the data acquisition system (HP1432) to
preclude aliasing of the data beyond 500Hz. Fig. 4
shows evidence of eddies striking the leading edge and
causing an instantaneous adjustment of angle of attack
and consequently, lift (due to the upwash velocity)
which is propagated at sound speed (slope of 12:1)
across the chord. Additionally, a pressure rise in the
leading edge region on one side of the airfoil develops
which is balanced by a pressure reduction on the
opposing side. After the sound speed adjustment in lift,
the eddy begins to convect down the chord close to the
mean free stream velocity (1:1 slope). Note that the
space-time correlations show that surface pressure
fluctuations on the forward part of the airfoil are
dominated by disturbances that propagate along the
12:1 slope [10, 11].

4. Acoustic Predictions

4.1. Problem Description

Far field noise is now predicted for the experiment
described in Section 3. In order to perform the
calculations, a coordinate system is established as in
Fig. 5, with the airfoil’s mean-chord plane of symmetry
defined by {0<x <C}x{-b<x,<b} in the plane
x; =0. The airfoil surface profile is determined by the
function x; = F(x;), which is well known for NACA
series airfoil profiles, e.g., [12]. For the acoustic
predictions in this section, the airfoil geometry will be
modeled as a flat plate in the plane x, =0. Therefore,
a source location on the surface is of the form
¥=[y.5,,0]", and the surface normal is
n=[0,0,1]=¢, at every point. The effects of surface
curvature will be discussed in Section 6.

An observer is placed at a distance » = 2.25 m
directly above the geometric center of the mean-chord

plane, i.e. ¥=[C/2,0,7]", as in Fig. 5. This observer
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location is chosen to be the same as the primary
microphone location in [5]. In Section 5, scaling rules
are developed to scale the measurements in [5] to serve
as estimates against which the present predictions can
be compared.

Noise is predicted, using Eq. (1) with surface
pressure given by a theoretical formulation and by
experimental measurements as described in Section 3.
Results from both cases are compared.

4.2. Analytic Surface Pressure

In [13], Amiet developed a frequency-domain
formulation for the prediction of noise due to an airfoil
immersed in homogeneous, isotropic turbulence. The
source in Amiet’s formulation, i.e., the airfoil response
to an unsteady surface pressure, was entirely
characterized by the incident velocity field. The
velocity field is thereby expressed as a linear
superposition of periodic gusts that convect at the
freestream speed U over a flat plate of finite chord and
infinite span.

In [4], a time-domain surface pressure model was
developed along the same lines as the frequency-domain
source model of Amiet [13]. As in Amiet’s analysis, it
was determined that, for an observer in the plane
x, =0, only the zero spanwise wave number in the
turbulent velocity spectrum contributes to the acoustic
signal. This result greatly simplifies the source model
and enables the surface pressure p(¥,7) in Eq. (1) to
be expressed as a function of time ¢, the streamwise
surface coordinate y, , and the streamwise wave number
k,=w/U. (See [4] for details.) Thus, for acoustic
prediction purposes, the unsteady pressure jump AP
across the airfoil can be approximated by

N
APy =2m0,U Y A, €% gy k)™ ()
n=—N
ky, =nAk,,  n=0,tL%2 . tN
Ak =k IN

where p, is the ambient density and g(y, k) is a
transfer function that is derived from thin airfoil theory
[6]. Also, %k, 1is an “upper cutoff” wave number,
beyond which the spectral amplitude is considered
negligible or is out of range of experimental
measurement. The phase angles {¢,} are independent
random variables uniformly distributed on [0, 27].
The gust amplitudes {4, } are given by

<
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4, :[(D33(k1,n Ak ] 3)
where @,,(k,k,)1s the two-component power spectral
density (PSD) of the upwash component of the
turbulence. An expression for this upwash PSD is
obtained in [13] by integrating the von Karman formula

[14] over all k; ; the result is:

4 4’ K+ k2

O,k k) =— —
s (hky) 9 kb [+ (k) k) (ko K,

(4a)

where u’ is the streamwise mean-square turbulence,
and k, is the peak wave number given by

¢ VT TE6) 0747

. (4b)

£ T(1/3) L
where £ is the streamwise integral length scale.
Evaluation of the time-dependent surface pressure by
Egs. (2) and (3) is consistent with stochastic modeling
theory, e.g., [15]. Eq. (1) will be applied in a real-
valued, one-sided form (0<n< N ); details can be

found in [4].

In order to use the above analytical formulation as
input to an acoustic prediction, values for the integral
length scale and the mean-square turbulence are taken
from the experimental measurements described in
Section 3.1. The lower bound on frequency, and
therefore the fundamental frequency, is chosen to be 10
Hz; the upper bound is chosen at 2500 Hz, with a
numerical bandwidth Af'=10Hz. The physical
duration of the calculation is one period of the
fundamental, i.e., 7 =0.1s. The time-step is chosen as
At=T/2N so that the numerical solution is sampled at
the Nyquist frequency. The surface integration in Eq.
(1) is performed on a 100x 10 surface grid shown in
Fig. 6. The reason for the coarseness of the mesh in
the y, direction is that the analytic surface pressure has
no variation in that direction, and for the span length
and observer distance of interest, the prediction is
relatively insensitive to additional resolution iny, [4].
Note that the grid is clustered near the leading edge
because of the rapid increase in the transfer function
g(y,, k) near x=0 (see [4]).

5

4.3. Experimental Surface Pressure

The prediction of incident turbulence noise with
measured surface pressure will follow the same
reasoning as with the analytical formulation in Section
4.2. That is, the spanwise variation of the surface
pressure will be ignored with respect to its influence on
the acoustic signal.

The pressure jump across the mean chord plane
will be modeled with measurements from the chordwise
array of 13 transducers that are located between 1% and
85% of the chord length (Fig. 3). For integration
purposes, the pressure jump will be considered
piecewise constant along the chord. To this end, let the
set {y,, }4 denote a discretization of the chord with

()

O:yl,l <o <Yy <Yy < <V = C

such that each interval (y,;,y,,,,) in Eq. (5) contains a
transducer location y, , at or near its center. Then, for
acoustic prediction purposes, the surface distribution of
the pressure jump is

Ap(ypl) ZAP(yl,m,[) » y1,i <3 < y1,i+1

on each of the 13 intervals determined by the
discretization in Eq. (5). The pressure jump at each
transducer location is calculated by the difference
between simultancously measured pressures on the
lower and upper surfaces, i.e.,

(6a)

AP(yl,m 9[) = Diower (yl,m 9[) - pupper(yl,mat) (6b)

The grid in Fig. 7 shows the 13x 10 surface
elements that are used to integrate the surface pressure
in Eq. (6a). For purposes of the Fourier analysis that is
required to calculate the far field spectrum, the
measured surface pressure is assumed to be of spectral
content that is dictated by its time duration 7= 1.28 s
and a sampling rate of 1600 Hz. On this basis, the
measured data is presumed periodic with a frequency
range up to 800 Hz. However, the low pass filtering of
the data (Section 3.2) curtails reliability of the data
beyond 500 Hz. Furthermore, an extensive analysis of
these data indicates that measurements from transducers
located downstream of the 20%-chord location contain
enough turbulent boundary layer noise to make the
contribution from the freestream turbulence difficult, if
not impossible to detect. Therefore, the pressure jump
in Eq. (6a) is zeroed for all stations downstream of the
20%-chord location, i.e., for m =8 .
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4.4 Acoustic Results

Because the spanwise variation in the surface
pressure is neglected, the amount of physical span that
is chosen for the acoustic prediction is arbitrary and is
chosen as 2b = 0.53 m, as in the experiment in [5].

Fig. 8 shows the far field spectra for the two input
surface pressure jumps, analytical and experimental.
The spectrum with experimental input has been
averaged over 128 records. It is not surprising that the
theoretical prediction is higher than the prediction with
experimental input. This result is consistent with the
over-prediction of the theory relative to acoustic
measurements at the lowest tunnel speed in Fig. 1.

Some words on the accuracy of the prediction with
measured surface pressure are in order. Unfortunately,
far field measurements for the present experiment are
not available for comparison. Far field measurements
from [5] will be scaled for this purpose in Section 5.
There is also the issue of using the data in the form of a
pressure jump across a flat plate. This should be a
reasonable approximation, providing that the observer
is sufficiently far away from the plane of the airfoil
mean chord, where the effects of surface curvature
cannot be ignored, as will be discussed in Section 6.

5. Scaling Rules

5.1. Amplitude Scaling

For scaling purposes, it is convenient to consider
the relative contributions of the terms in Eq. (1), under
the conditions of low Mach number and an observer
that is in the acoustic and geometric far fields, i.e.

M<1, r>A4, r>>C (7)

where A=c¢,/f is a typical acoustic wavelength of
interest. In this case, & and M, are small, and the
differences in retarded time can be neglected. If, in
addition, the surface is in the plane x; =0, then M,
vanishes. Under these conditions, the first integral in
Eq. (1) clearly dominates the acoustic signal, as it is
proportional to 1/r, whereas the second and third
integrals are proportional to 1/,  Therefore, the
acoustic formulation is approximated by

yom 1 J . _
dzp (= —| ——p71)ds (8)
C,F Jr=0 0T

where 7is a mean value of the distance r, and
T =1t-r/c¢, is the mean retarded time.

If the surface pressure jump in Eq. (2) is substituted
for p(y,7) in Eq. (8), and the surface f =0 is defined
by the planar geometry in Section 4.1, the result is

2 N _
p’(";é’[) = prE] Z A“i’l [Ylikln ei(kl,ﬂUTﬂ?ﬂ) (9a)
L —t ’
where
C
1, = Io g(yl’kl,n) dy, (9b)

Now, consider the comparison of noise levels
between two experimental states 4 and B. What
distinguishes these “states” is the wvariability in the
airfoil model and the flow field. For the present
problem, these variables are b, C, U, u*, and £. The
measure of comparison is the sound pressure level
(SPL), defined by

SPL(fn):lmog{ Ilj”zz } (10)

ref

where P’ is the PSD of the acoustic pressure-squared
at the frequency f,, the over-bar denotes a time
average, and £F, is a reference pressure most
commonly taken to be 20 uPa. The values of the
pressure spectrum {F,} are the resulting amplitudes of
a Fourier analysis of the time series in Eq. (9a).
Suppressing the spatial dependence, Eq. (9a) can be re-

written in the form

N
P = G, (11a)
n=—N
where
2
g, =2V 4 ik e (11b)
Co 7 ’

It can be shown (see e.g., [16]) that the time average of
[p'(O] can be evaluated as

N
g =>.p (12)

n=—N n=0

'O =[0I’ O = |4

where the star superscript denotes a complex conjugate.

In order to compare noise levels between the two
states, let the subscript notation (), and ( ),
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represent quantities that are evaluated with respect to
states 4 and B, respectively. Using Egs. (10) — (12), the
desired SPL differential, for 0 <n < N, is evaluated
by

[sPL(/)), - [SPL(S,)], =1011og { —(P—{)B }

(Pn )A
(13)
~ 12
=10log{ —2
da|
where
. . . bpU?
@ =4, 4= % k2| A2 (14)

[

Note that the surface pressure amplitudes {4,} are
presumed real. Using the result of Eq. (14), the SPL
differential in Eq. (13) becomes

[SPL(f)], - [SPL(S), = (15)

_ 72 b 2 U 4 k 2
o 2] ][] [
Iy b, U, k)4
In [6], it is shown that [, is proportional to 1/k,.

Using this result and the definition of 4, in Eq. (3), the
scaling rule in Eq. (15) becomes

I}’l

[n, T {(A,»B }
L@,

I}’l

[SPL(f)], - [SPL(S), = (16)

_ 2 2 4
v 2] [ [ o
g b, Uyl | (@), || Ak,
where @, is interpreted as P,;(k;,0), the zero-th

spanwise wave-number component of the upwash PSD
defined in Egs. (4a) and (4b).

5.2. Frequency Scaling

The effect of |, ? on the magnitude scaling in Eq.
(15) has already been discussed. Its effect can be at
least as significant in regard to the frequency f,. The
transfer function g(y,,k,) in Eq. (9b) contains the
factor €'*¢, which makes for a linear proportionality
between the frequency f, and the chord length C [6].
Therefore, when C, #C,, [SPL(f,)], is not scaled to
[SPL(f,)], atthe same frequency f,, as implied by Eq.

7

(16). The proportionality between the two frequencies
fiand fpis

C

fB_ AfA

=C )

Note that the scaling rules in Egs. (16) and (17) do
not account for directivity. This is not a concern for the
present problem where the observer location has been
chosen to match the far field microphone position of
Paterson and Amiet [5], whose far field data will be
scaled for comparison.

5.3. Scaling for Predictions and Measurements

In order to test the validity of Egs. (16) and (17),
states 4 and B are as defined in Table I below.

State | € U u? L
A |23.00cm |40 m/s [3.01 m¥s® [3.20 cm
B |60.96cm |30m/s|1.39m¥s® |8.18 cm

Table I. Experimental States A and B.

These two states 4 and B are, respectively, the 40 m/s
test case from Paterson and Amiet [5] in Fig. 1, and the
present test case of Mish [9, 10]. Note that the
observer distance of 2.25 m and the airfoil span of 0.53
m are the same for both states.

Fig. 9 shows theoretical acoustic predictions for
states 4 and B in Table I, using the analytic surface
pressure in Egs. (2) — (4) as input to Eq. (1). The
symbols represent a scaling prediction for state B that
results from using the theoretical prediction for state 4
as input to Egs. (16) and (17). The scaled results show
excellent agreement with the State B prediction for
frequencies above 100 Hz. The error is one dB or less
for frequencies down to 40 Hz. The error is expected to
increase for low frequencies because of the condition
that relates the observer distance to the acoustic
wavelength, given in Eq. (7). For a given problem, the
lower frequency bound for acceptable scaling error is a
function of the quantities in Eq. (7).

It is not surprising that the scaling results in Fig. 9
are so successful, because the scaling rules in Egs. (16)
and (17) are derived from the same theory that is used
to predict the spectra in Fig. 9. The more important
determination is the extent to which the far field
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measurements in [5] will scale by these rules. Fig. 10
shows the acoustic data in Fig. 1, having applied the
scaling rule in Eq. (16) with the 40 m/s case as the
reference state A. Eq. (17) is not needed for the results
in Fig. 10. The only scaling parameters for these data
are U and u? , because the values of b, C, and £ are
constant for all five datasets. Note that the solid
symbols in Fig. 1 have not been included in Fig. 10
because their values are suspect due to the low signal-
to-noise ratio associated with those measurements [5].

Fig. 11 shows acoustic predictions for state B in
Table I, using theoretical and experimentally measured
surface pressure, as in Fig. 8 The symbols in this
figure are scaled measurements, using the 40 m/s data
from Paterson and Amiet [5] in Fig. 1 as the reference
state. Although it is not disturbing that the scaled data
lie between the two predictions, the maximum 7 dB
difference between the scaled data and the prediction
with measured surface pressure is an issue that remains
to be resolved.

6. Surface Curvature Effects

The effects of the airfoil surface curvature are now
considered. As previously noted, surface curvature is
not expected to have a significant influence on the far
field spectra for an observer located sufficiently far
away from the plane of the mean chord. Fig. 12 shows
an acoustic prediction that includes the airfoil surface
curvature terms in Eq. (1). Included in this plot is the
prediction from Fig. 8 in which the airfoil is modeled as
a flat plate.  The difference is no more than
approximately 2 dB throughout the spectrum.

It should be noted here that the use of a pressure
jump with a curved surface is technically incorrect, as
can be shown by a geometrical argument. In order to
appropriately account for acoustic emissions from a
curved airfoil surface, the local pressure p(y,7) itself
must be integrated over all points ¥ on the upper and
lower surfaces. The appropriate approach to the surface
curvature problem is a topic for further research.

In order to qualitatively inspect the significance of
surface curvature, the radiated noise is calculated at
many locations on a circular path in the plane x, =0,
as shown in Fig. 13. The observer’s trajectory (r, ¥) is
determined by » = 2.25 m and 0<y <2z . The SPL
directivity for six frequencies is plotted in Figs. 14 and
15. The noise levels in both figures were determined
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with measured surface pressure input to Eq. (1),
averaged over 128 records. In Fig. 14, it is clearly seen
that the noise level goes to zero in the plane of the
airfoil mean chord when the airfoil surface is modeled
as a flat plate. However, when the surface normal
accounts for the NACA 0015 profile, there are clearly
nontrivial noise levels in the mean chord plane, as
shown in Fig. 15. The curved surface has created an
additional horizontal dipole. As discussed earlier in this
section, these predictions do not accurately account for
the surface curvature in the mean chord plane.

Concluding Remarks

Acoustic predictions have been performed in the
time domain by a solution of the Ffowcs Williams —
Hawkings equation and the use of experimentally
measured surface pressure as input. Within the acoustic
calculations, a NACA 0015 airfoil was modeled as a
flat plate and including surface curvature. Acoustic
predictions were also performed with a theoretical
formula for surface pressure for comparison purposes.
Scaling rules were developed to obtain an additional
acoustic dataset for comparison. Issues that remain
include a reassessment of scaling and an appropriate
accounting for surface curvature with pointwise surface
pressure as input.
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Figure 2. Schematic for Formulation 1A, Eq. (1).
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Figure 4. Instantaneous pressure (Pa) on the pressure and suction side
of the airfoil (positive x values indicate pressure side)—data from Mish
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